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ARE19F NMR SHIFTS A MEASURE FOR THE NAKEDNESS OF

FLUORIDE IONS?

M. Gerken,' J. A. Boaftb A. Kornath,a R. Haiges,' S. Schneider,' T. Schroer,"

K. 0. Christe ab,

"aLoker Hydrocarbon Research Institute and Departnent of Chemistry, University of Southern California, Los

Angeles, California 90089, USA

"bAir Force Research Laboratory, Edwards AFB, California 93524, USA

Dedicated to Professor David W. A. Sharp, a longtime friend, esteemed colleague and editor of the Journal of

Fluorine Chemistry, on the occasion of his retirement.

Abstract

The solvent dependency of the 19F NMR shifts of the fluoride anion in CH3OH, H20,

CH3OCH 3, CHC13, CH2C12, C-F 3, CH3CN, CH3NO2, (CH 3)2SO, and CH3COCH3 solutions was

studied by theoretical calculations at the MP2/6-31++G(d,p) and B3LYP/6-3 1++G(d,p) levels of

theory and compared to the experimental values.

It is shown that the free gaseous fluoride anion is most shielded. The stepwise build-up of

a solvation sphere was modeled for the F/nH20 system and results in a progressive deshielding

of the F nucleus with an increasing number of water ligands in the first solvation sphere.

Theoretical calculations predict the first solvation sphere of F to be comprised of six or seven

monodentate water molecules. The F"H bond distances increase from 1.42 A in the

monohydrate to 1.69 -1.87 A and 1.82 A in the penta- and hexa-hydrates, respectively, and the

transfer of negative charge from F to the water ligands reaches its maximum for the tetrahydrate.



The wide range if about 70 ppm observed for the cbiemical shift of F ii. ferent solvent;s

and the order of deshielding are confirmed by model calculations involving the interaction

between F and a single solvent molecule. Furthermore, it is shown that the deshielding observed

for different solvents does not correlate with the calculated binding energies between F" ndthe

corresponding solvent molecules, but parallels the increase in the calculated shielding Oisotropy

in the case of monodentate solvent-F adducts. Since the calculated shielding anisotropy for the

monodentate adducts can be taken as a qualitative measure for the paramagnetic shielding, the

large solvent dependency of the F shifts is best explained by varying amounts of solvent induced

paramagnetic shielding. It is also shown that the preferred structure of the F CM3OH adduct

involves hydrogen bridging through the hydroxyl and not the methyl group and that the minium

energy structures of F CH3SOCH3 and F C' 3COCH3 exhibit bidentate solvent coordination..

In solid fluorides the chemical shift of F spans more than 190 ppm and contrary to

intuition an increasing cation size results in increased deshielding of the fluoride anion. As

previously shown, this deshielding is due to electronic overlap effects that involve for the larger

cations mainly nearest neighbor anion-cation interactions. However for Li+, the smallest cation,'.

second neighbor anion-anion overlap becomes also important and causes additional deshielding."

The MAS '|F-NMR spectra of solid N(CH3)4F and P(CH3)4F were also measured. The F"anion'

in the P(CH 3)4+ salt is 19 ppm less shielded than in the N(CH3 )44" salt in accord with the

increased cation size. However in spite of its large size the deshielding caused by the N(C- 3)+

cation is only comparable to that of Rb÷ due .to the methyl groups not providing as good an

overlap as the smaller but softer Cs+cation.
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These results show that in, both the solid state and in solution the chemical shift of F. is -

not a measure of its nakedness And that the fluoride anion isfar from being naked. Tho orjly truly

naked fluoride anion is the free gaseous fluoride anion.

Keywords: Fluoride ion; t NMR shifts; Naked Fluoride; Deshielding; Solvent effects; Solid state effects;

Theoretical calculations;.. 9F-MAS-NMR spectra of N(CH3)4F and P(CH3)4F

*Corresponding author. Tel.: +001-213-7408957; fax: +001-213-7406679.

E-mail address: kchriste@usc.edu (K.O. Christ)

1. Introduction

Terms such as "naked fluoride ion" or "non-coordinating ion" arefrequently-and

indiscriminately used in spite of the realization that ions in their usual states, i. eL., in either

solution or the condensed states, are neither naked nor non-coordinating [1-6]. Nevertheless, it is

of great general interest to explore methods that allow to measure the extent of nakedness or

weakness of coordination. Since the gaseous free fluoride anion is not only naked but also

exhibits the highest degree of shielding in its 19F NMR spectrum (see below); it was interesting

to examine whether the degree of deshielding experienced in different environnients can mtrvi as

a realistic measure for its nakedness.

The 19F NMR shift of the fluoride anion exhibits a large solvent dependence sptnniig 'a'

range from -73 ppm in (CH3)2SO to -148 ppm in CH3OH solution (7,8]. The' shielding of.a

nucleus can be separated into two main contributions, the diamagnetic -shielding and the

paramagnetic shielding. The diamagnetic -shielding contribution describes the shielding of the

nucleus from the external magnetic field by the surrounding electrons that induce a magnetic

3



field opposite to the external one. The paramagnetic shielding contribution is a perturbation of

the electron density currents that generally causes a decrase in the absolute shielding. It is

commonly accepted that the 19F chemical shift is dominated bythe paramagnetic shielding term,

while the changes in the diamagnetic term are comparatively small [9]. The paramagnetic

shielding term vanishes in a spherically- symmetric electron distribution thus rendering the

gaseous free. fluoride ion the most shielded F. A large paramagnetic shielding of fluorine has

been correlated with increasing covalency of an F-X bond [9], as, exemplified by fluorine

chemical shifts for CF4 (-63.3 ppm), NF3 (146.9 ppm), OF2 (250 ppm), and F2 (422.9, ppm).

Consequently, the 19F chemical shift could possibly be used as a measure of the "nakedness" of

fluoride ions, since a solvent interaction of the fluoride ion should result in an inc e

polarization of the charge distribution of F leading to an increased paramagnetic shift. However,

the large deshielding of F in CH3CN solution (-74 ppm) when compared with the corresponding

value of -119 ppm for an aqueous solution [7] is in marked contrast to the expected weder

solvation.

Previous studies. have inves~igated the correlation between fluoride shielding with

hydrogen bonding to the solvent. Miller et al. noted that a correlation between fluoride shielding

and hydrogen bonding.wn only be used with great caution [10]. Symons et a]. have shown that

chloride ions and atomic xenon exhibit similar solvent dependencies of the ,3Cl and '29Xe

chemical shiU, respectively, compared to 8(19F) of fluoride iQns. The similar, shielding behavior

of atomic xenon and the fluoride anion indicates that hydrogen bonding does not dominate the

"19F NMR shift of the fluoride ion in solution [11].

Beside the diamagnetic and paramagnetic shielding. terms, ad and o,, respectively, the

shielding of fluoride ions in solution is influenced by van der Waals interactions with the solvent,
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aw, the bulk susceptibility, of the solVent, ab, magnetic anisotropy of the solvent-molecules, a,:.

and solvent electric dipole interactions, *..The shielding contribution from the vau der Waali

interactions with the solvent has been modeled by Rummens; who developed the reaction field.

model in order to explain the solvent dependence of 29.Xe chemical shifts of dissolved atomic

xenon [12]. His m6del'works quite well -for 129Xe shieldings within homologousoseries of

solvents, like alkanes, cycloalkanes, and alcohols: However, it cannot reproduce shielding trends

between solvents of different classes. "

Beside the natuie of the solvent, the fluoride shielding is influenced to a lesserextent by

the fluoride ion concentration and the nature of the counter cation, which have been studied by

Tong et al. [13) and Miller et al. (10]. At high fluoride ion concentrations the observed cation

effect did not exceed 15 ppm' and at infinite dilution, the cation dependence of the 19-F chemical

shift was shown to vanish for F in H20 and several diols [10].

While in solution and at infinite dilution,i the '9F chemical shift of F is essentially cation

independent and dominated by the nature -of the solvent, in the solid state the chemical shift

should be dominated by the ion-ion interactions [1-4-18].

In the present study, the suitability of solution and -solid state MAS 19Fj N'MR

spectroscopy for the evaluation of the ,,nakedness" of fluoride ions was investigated using both

quantum mechanical and experimental methods.

2. Results and discussion

2.1. Shielding of the free gaseous fluoride anion

The 19F shielding of the free gaseous fluoride ion was calculated at the MP2/6-

31++G(d,p) level (19,20] using the GIAO method (21] and referenced to the calculated value of
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+218 ppm for CFCI3. The resulting cheoical shift of -7760 ppm is 110 ppm more shielded than

the most shielded value observed [7] for N(CH3)F in solution, The paramagnetic shielding team

of free gaseous F is zero due to its spherical charge density. Taking the absolute shielding, i.e.,

the shielding relative to the bare fluorine nucleus, of CF11 3, as 188.7 ppm [22), the fluoride anion

has a diamagnetic shielding, od, of 448.7 ppm. However, free gaseous F does not represent the

moSt shielded fluorine environmest, t.g., CIF~has a '9 chemical shift of -419.4 pprm. The

extremely high shielding of fluorine in CIF has been attributed to a low, lying electronic
transition, which corresponds to electron' circulation in opposite ses- n the two atoms and

results in shielding of fluorine and deshielding of chlorine [23]. The same rationalization has

been utilized to explain the surprisingly low 19F chemical shift for the XWF' cation (.242.5 to -

289.8 ppm) compared to -its neutral parent molecule XeF 2 (-181.8 to -199.6ppm) [24].

2.2. Geometries and shielding of solvatedfluoride ions

2.2.1. Stepwise build-up of the solvation sphere in F (H20). .,

The geometries of the adducts formed between the fluoride anion and an increasing

number of water molecules were optimized, at the, MP26-31++G~d,p) [19,201 and B3LYP/6-

31++-(d,p) [20,25], levels of theory and arp shown in Figure 1. It should be noted that in all

cases the water molecule acts as a monodeptate hydrogen-bri4ged ligand, in accord with

previous relaxation rate measurements [26]. The structures may be qualitatively described as

follows: linear H-F-H for the dihydrate, pyramidal FF 3 for the trihydrate, distorted square planar

for the tetrahydrate, square-pyramidal for the pentahydrate, and distorted octahedral for the

hexahydrate. Due to the attractive hydrogen bonding interactions between water molecules, the

orientation of the water ligands does not adhere to the predictions of the VSEPR model, which

assumes repulsive interligand interactions. For instance, VSEPR predicts a trigonal planar
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arrangement of the ligands for the trihydrate, in contrast to the observed pyramidal geometry.

The latter structure is energetically favored due to the ability of the water ligands to fo~rn three

intermolecular hydrogen bonds.' Several local minima were located for the tetrahydrate, F

•(H20) 4. At the MP2/6-31++G(d,p) level, three local minima of CI, C2, and C4 symmetry were

found. All three structures have virtually identical energies, with less than I kcallmol separating

the highest (CI) and lowest (C4) energy structures. Similarly, at the B3LYP/6-31++G(d,p) level,

two local minima of C2 and C4 symmetry were found, with a difference in relative energy of less

than 1 kcal/mol. The geometries are likewise quite similar, best described as distorted square

planar conformations. (Note that only the C2 geometries are shown in Figure 1.) The F"H bond

distances increase with an increasing number of water ligands and range from 1.42 A in the

monohydrate to 1.69-1.87 A and 1.82 A in the penta- and hexa-hydrates, respectively. As

discussed earlier in regard to the structure of F.(H 20) 3, the preferred arrangement of the water

ligands is influenced both by the F"H interaction and hydrogen bonds between water molecules.

With the exception of the dihydrate complex, the water ligands tend to agglomerate on one side

of F (thereby maximizing the number of intermolecular hydrogen bonds) until a sufficient

number of water molecules are present to fully encapsulate the anion. This behavior is in.

contrast to simple VSEPR structural predictions which assume repulsive, rather than attractive

(i.e., hydrogen bonding) interligand interactions.

In order to determine (a) the maximum number of water ligands which can directly

complex to the fluoride anion (i.e., the size of the first solvation shell) and (b) the effect, if any,

of outer solvation shells on the structure of the first solvation shell, additional calculations of the

structures of F.(H20)n (n = 7,8,12,20,49,86) clusters were performed using the Effective

Fragment Potential method (27]. In the EFP approach, the system of interest is divided into
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"active" and "spectator" regions. The active region (the fluoride anion in the present -case) is

treated quantum mechanically while the chemically inert spectator region (the water Molecules)

is represented by effective fragments which interact with the active component via non-bonded

interactions. Although the internal geometry of each fragment water molecule is frozen, the

positions of each fragment relative to the fluoride anion and to the other fragments are optimized.

Due to the anticipated large number of energetically similar local minima, approximate

stationary points were initially located using Monte Carlo random sampling methods [28] and

were subsequently refined using conventional gradient-based optimization methods. All'

stationary points found in this manner were confirmed as local minima via diagonalization'of the

energy second derivative matrix (i.e., the hessian matrix) to verify the presence of all real

harmonic vibrational frequencies. All EFP calculations were performed at the RHF lev•el, using

the Dunning and Hay basis set augmented with polarization functions and a diffuse s+p shell on

oxygen and fluorine (denoted as DH+(dp)) [29].

A more detailed analysis of the EFP/DH+(dp) structures of the F.(H20). (n =

"7,8,12,20,49,86) clusters will be reported elsewhere (30]; here we simply report that the first

solvation shell typically is found to consist of seven water molecules arranged in an approximate

pentagonal bipyramidal geometry around the fluoride anion, with the F...H bond lengths ranging

from 1.84 to 2.34 A. In the case of the F.(H 20)2o cluster, the first solvation shell was found to

contain an approximately octahedral arrangement of six water molecules about the' central

fluoride anion, with F ...H bond lengths ranging from 1.84 to 1.89 angstroms. Therefore, the first

solvation shell is predicted to contain at most seven water molecules, with all additional water

molecules residing in outer solvation spheres. However, due to the vast number of possible local

minima, there is no guarantee that the optimized structures obtained here are in fact the global
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minima. Therefore, these results should be regarded as merely suggestive rather than definitive

predictions of the structure of the first solvation shell.

The extent of negative charge transfer from F to the water ligands was calculated using

the Natural Population Analysis (NPA) [311 and Lbwdin's population analysis [32] methods.

Charge transfer from F to the surrounding water molecules is maximized at F94H20 (see Figure

2). Clearly, the amount of charge transfer is governed not only by the number of ligands but also

by the F"H bond distances which increase with an increasing number of ligands.

The 19F chemical shifts were calculated using the GIAO method f21] and are summarized

in Table I and Figure 3. Although the trends in Figures 2 and 3 are similar, a plot of the chemical

shifts against the atomic charge on fluorine (Figure 4) does not result in a straight line but

exhibits significant curvature indicating that the chemical shift is not totally -dependent upon the

extent of charge transfer. The chemical shift of about -136 pprn calculated at the MP2 level for a

complete first solvation sphere is in fair agreement with the observed value of -119 ppm for an

aqueous solution [7], particularly if one keeps in mind the neglect 6f the outer solvation spheres.

2.2.2. Solvent dependence of the chemical shift off

The geometries of adducts between fluoride and one solvent molecule of H20, (CH3)2SO,

(CH3)2CO, CH3CN, CH 3NO2, CH3OCH3, CH3OH, C-F 3, CHC13, and CH2Cl2 were optimized at

the MP2/6-31++G(d,p) level of theory, and the structural parameters ire summarized in Figures

1 and 5. For CH3OH where fluorine bridging could occur through either the hydroxyl or the

methyl group, the hydroxyl-bridged structure was found to be energetically favored by 20.8

kcal/mol. In the cases of CH3CN and CH3NO2, the energetically favored bridging mode involves

one of the hydrogen atoms of the methyl groups. In compounds containing only one methyl

group, monodentate bridging was always favored over multidentate bridging and is in accord
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with the preference for monodentate bridging of water. In the two compounds containing two

methyl groups and either an S=O or C=O bridge, the oxygen atoms force two hydrogens from

different methyl groups into positions favoring bidentate minimum energy structures. These

structures differ from those of the monodentate ones but their' che;nical shifts are predicted

equally well by the theoretical calculations (se; below). In CH30CH3 the methyl hydrogens are

further apart and monodentate bridging is favored. The "F NMR shifts of these adducts were

also calculated by the GIAO method [21] and are given in Table 2.

The calculated 19F chemical shifts of these mono-adducts are 76 ± 9 ppm ppm lower than

the observed ones [7-9] which is in fair agreement with the calculated difference of -67 ppm

between the monohydrate and the hexahydrate (see above), particularly if the neglect of

secondary solvation effects is kept in mind. The only exception was the previously reported

chemical shift for F in CH3NO2 solvent (-150 ppm) [7] which was inconsistent -with the

calculated chemical shift after correction for full solvation (-67 ppm). An NMR spectroscopic

reinvestigation of N(CH3)4F in CH3NO2 solution at temperatures close to the freezing point of

the solvent (at -25 00) showed only a doublet.at -147.5 ppm in the 19F and a triplet at 17.0 ppm

in the 'H NMR spectrum ('J('H-9F) = 121 Hz) due to the HF2" anion. No evidence was fotnd

for free fluoride indicating an immediate attack of CH3NO2 by F even at low temperature

rendering the previous assignment of the 19F NMR resonance at -150 ppm to F erroneous.

Our simplified theoretical model of a gaseous fluoride, anion with only one solvent

molecule, confirms the chemical shifts observed for the fully solvated ions, their wide shift

range, and the solvent orders. ;Furthermore, secondary effects must be minor, and the observed

shifts must correlate with properties that are derivable from the ab initio and isotropic shielding
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calculations. The decrease in the calculated shielding for tlie monodentate solvent F adducts is

paralleled by an increase in the calculated shielding anisotropy, Aa, which is defined by eq. (1),

Ao 033 - (o22+ o;i)/2 (1)

(with 033 > 022? > oi1)

where 033, o22, and oI are the diagonal components of the shielding tensor in the principle axis

system in which all off-diagonal elements of the shielding tensor. are zero. Since in the

monodentate CHCI3 and CHF3 adducts the shielding is axially symmetric and in the H20,

CH 3CN, CH3NO2, CH3OCH3, CH3OH, and CH2Cl2 adducts it is approximately axially

symmetric, the shielding anisotropy can be taken as a crude, qualitative measure for the size of

the paramagnetic shielding. However, Ao provides a quantitative measure of the paramagnetic

shielding only for linear molecules, in which the paramagnetic shielding component parallel .to.

the molecular axis, oag, is zero [33]. For 19F in the monodentate F" adducts, the largest calculated

shielding components in the principle axis system (a33), which corresponds to the a| component

in linear molecules, deviate only slightly (± 11 ppm) from the diamagnetic shielding of 478 ppm

found for free gaseous F . This indicates a .negligible paramagnetic contribution to 033 and

supports the validity of the qualitative correlation of Au and aP. Therefore, the large. solvent

dependency of the F shifts is best explained by varying amounts of, solvent: induced

paramagnetic shielding.

The binding energies of the mono-adducts of F with the different solvent molecules

were calculated at. the MP2/6-31++G(d,p) [19,20] and ýCCSD(T)/6-311++G(dp)//MP2/6-

31++G(d,p) [20,34,35] levels of theory and are included in Table 2. The calculated binding

energies correlate well, as expected, with the calculated F-H bond distances, but show no

correlation with the observed 19F chemical shifts. The influence of the bulk susceptibility on the
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19F chemical shift was not -included in the shift calculations, and is not expected to 'play a

dominating role in the solvent dependerice of the '9F chemical shift of the fluoride ion [36].

2.3. Chemical shielding in the solid state

All alkali metal fluorides are face-centered cubic. If these salts were completely ionic and

there were no ion-ion interactions, the fluoride ions should be isotropic, there should be no

paramagnetic contributions to the shielding, and the diamagnetic shielding of the F ion should

be comparable in all salts and approximate that of the free ion. In reality, the chemical shifts

observed for the solid alkali metal fluorides are strongly deshielded and span more than 200

ppm, indicating significant paramagnetic contributions that are cation dependent (see Table 3).

Although the solid state '9F NMR spectra of the alkali metal fluorides have been the subject of

numerous experimental [18,37-40] and theoretical [14-18,37,38,41-43] studies, it was interesting

to obtain experimental data for the noncubic N(CH3)4F and P(CH3)4F salts. The N(CH3)4F salt is

hexagonal [7] and its F anion is octahedrally surrounded by six N(CH 3)4" cations with an anion-

cation separation of R = 3,80 A.

The solid state 19F MAS NMR spectr& of N(C%3)4F and P(CH3)4F were recorded and are.

given in Figure 6 and Table 3, together with those of KF and RbF and literature values for LiF,

NaF, and CsF [18]. Our 19F chemical shifts of -132 and -91 ppm for KF and RbF, respectively,

agree well with those previously reported [18,37,38]. The alkali metal fluorides, excluding LiF,

show a decrease in shielding with increasing cation radius. The sane trend has been observed: for

the 31Cl, 79Br, and' '2I NMR shifts of alkali metal chlorides, bromides, and iodides [18]..On first

sight, this trend is counter-intuitive, since the 19F chemical shift of these isostructural fluorides

should be determined mainly by the cation-anion interactions and the largest cation should give

rise to the most naked fluoride, i.e., the fluoride with the highest shielding. However, Kondo and
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Yamashita have successfully correlated the observed chemical shifts in the alkali metal halides

with the increasing overlap between the nearest neighbors, i. e., the halide anions and the alkali

metal cations, resulting from the increasing cation size. The fact that the smallest alkali metals do

not follow the general trend has been attributed to the small size of these cations, resulting in

second nearest neighbor contacts, i. e., anion-anion overlap that causes additional deshielding

[15]. The observed trends in the 19F NMR shifts have recently been matched well by density

functional calculations for the LiF, NaF, KF, RbF series and correlated with the ion-ion repulsive

energy term, -Q.QIR 2, where R represents the shortest anion-cation distance in the crystal lattice

and Q÷ and Q. are the ionic charges [42,43]. However, the observed shift of CsF does not fit this

correlation and the values of 0.7, 1.0, 1.0, and 1.0, assumed for the ionic charges of LiF, NaF,

KF, and RbF, respectively, are not in accord with the generally assumed values of 0.74, 0.75,

0.84, and 0.86 for the ionicity of these alkali metal fluorides [44]. When the latter values for the

ionicities are used, the correlation with the ion-ion repulsive energy term becomes very poor,

indicating the need for a better correlation.

Tetramethyl ammonium fluoride and P(CH3)4F have 19F chemical shifts of -91 and -72

ppm, respectively, that are close to that of RbF. While N(CH3)4F is an ionic compound that

crystallizes in the hexagonal system [7], P(CH3)4F has been shown to exist as a covalent

compound in the gas phase with pentacoordinate phosphorus [45]. However, in the solid state

P(CH3)4F exhibits an ionic structure (45] and, therefore, its solid state 19F NMR shift can be

compared to that of the tetramethyl ammonium salt. Although the sizes of the N(CH 3)4* and

P(CH3)4+ cations are considerably larger than that of Cs", the fluoride anions in these salts are

less deshielded. This can be attributed to the lower polarizability of the methyl groups when

compared to the much softer alkali metal cations resulting in less overlap. The fact that the F
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anion in P(CH3)4F is 19 ppm more deshielded than that in N(CH3)4F can 40e a~tibuted to the

larger size of the P(CH3),+ cation.

3. Experimental

The preparations of N(CH3)4F [7] and P(CH3)4, (45] have previously been described. The

KF and RbF were dried by fusion in a platinum crucible. The hot clinkers were immediately

transferred to the dry nitrogen atmosphere of a glove box which was also used for loading the 19F

MAS NMR rotors.

Theoretical Methods: The geometries of F'(H20)0 -(n = 1-6) and F.S (S = (CH3)2SO,

(CH3)2CO, CH3CN, CH3NO2, CH3OCH 3, CH3OH, CHF 3, CHCI3, and CH2CI2) were fully

optimized at the MP2/6-31++G(dp) level [19,20]. The F.(H20). clusters were also optimized

using density functional theory methods, at the B3LYP/6-31++G(d,p) level [20,25]. Each

structure was verified as a local minimum via diagonalization of the matrix of energy. second

derivatives with respect to nuclear coordinates (i.e., the hessian matrix). Atomic charges were

computed using the Natural Population Analysis (NPA) [31] and Lowdin's population analysis

[32] methods. Binding energies of each single-molepule adduct with F were computed at the

CCSD(T) (34] level using the 6-311++G(dp) [46-48] basis set. The geometries of the larger

water clusters F.(H20) (n = 7,8,12,20,49,86) were optimized at the RHF/DH+(dp) level [29]

using the Effective Fragment Potential (EEP) method [27]. All, calculations were performed

using GAMESS [49], Gaussian98 [50], and ACESII L51].
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4. ConclAsions

The above study shows that '9F NMR shifts are not a measure for the nakedness of the

fluoride anion. This applies to both solution and solid state spectra. In solution, the chemical shift

of the fluoride anion is strongly influenced by solvent induiced paramagnetiC shielding, while in

the solid state the deshielding is governed by electronic overlap effects involving mainly nearest

neighbour, anion-cation, interactions, except for the cases where one ion' is much smaller than

the other and second-nearest neighbor, anion-anion or cation-cation, interactions become also

important. Furthermore, it is shown that both in solution and in the solid state a truly niaked

fluoride ion does not exist and that the gaseous free fluoride ion is the only. naked fluoride ion.

Simplified model calculations at the MP2 level involving -adducts between. the free

fluoride anion and only one solvent molecule were successfully used to reproduce the observad

solvent shifts and to explain the nature of the deshielding. Furthermore, the stepwise build-up of

the water solvent sphere was modeled showing that the first solvent sphere of F coniains a

maximum of 6-7 water molecules.

The MAS 19F NMR spectra of N(CH3)4F and P(CH 3)4F were mewuured and compared to

those of the alkali metal fluorides. It is shown that the ion size is not the only factor'determining

the deshielding of F in these two salts and that other effects, such as the -polarizability of the

cations, may also play a significant role in influencing the ion-ion overlap.
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Table I

Calculated (MP2) 19F chemical shifts of the free fluoride ion and its water adducts.

8('F), ppm

F -260.0

F(H20) -203.4

F(H 20)2  -181.0

F(H 20) 3  -162.8

F(H 20)4  -148.9

F(H20)s -142.3

F(H 20) 6  -135.9
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Table 2

Observed and calculated MP2 19F chemical shifts, calculated shielding anisotropies (Ac), binding

energies, and F"H bond distances of the fluoride anion in different solvents.

0"F),ppm Ao, ppm " rX) Binding rr...R,
energy, kcal/mol

calcd. 8 6 obsd. for
6 cakd. for corrected for solutions of calcd. calcdtd calcd.
monosolvate' full solvatlonb [N(CH3)4][F]c

F (free gaseous Ion) -260

Monodentate

F'(HOCH3) -2153 -140.5 .148 71.7 29.1(29.8) 1.374

F(CH30H) ' (-212.6) .

Y"(CH 3OCH3) -207.7 -132.9 J 93.1 9.0(9.7) 1.872

F'(HZO) -203.4 -128.6 -119 92.7 27.4(27.5) 1.415

F(CHCi3) -186.8 -112.0 W113 94.5 31.1(32.2) 1.377

F'(CH2CI2) -182.4 -107.6 -109 112.9 23.7(24.5) 1.$44

F'(CHF3) -169.9 -94.8 -107 120.9 27.7(27.9) 1.536

F"(CH3CN) -153.1 -78.3 -74 176.4 22.1(23.2) 1.571

Fr(CH3NO2) .134.8 .60.0 .s 192.4 25.7(27.1) 1.449

Bidentate

F'(CH3COCH3) -184.8 -110.0 -103 72.3 21.2(21.8) 1.962

F'((CH3)2SO) -157.2 -82.4 -73 89.5 29.7(30.4) 1.876

Obtained by subtraction of the calculated isotropic shielding of the Fmonosolvates from that of CFC13 (+217.9 ppm.)
b An empirical correction of 74.8 ppm was applied to give the best fit with the observed data.
"C Values taken from ref [7] except for the value for CH2C12 that was taken from reft [2,3].
d CCSD(T)/6-31 l++G(dp)//MP2/6-31++G(dp) binding energies are given in parentheses.

" Less stable than the hydroxyl bridged isomer by 20.8 kcal/mol.
f Not observed due to low solubility.
I The previously reported chemical shift of -150 ppm was found to be erroneous and has to be attributed to the HF" anion.
Tetramethylammonium fluoride reacts with CH3NO 2 even at -25 °C; thus, no experimental 8(19F) for fluoride in CH3NO2
could be obtained.
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Table 3

Observed solid state 19F chemical shifts for various fluorides.

8('9F), ppm

LiF -204a

NaF -2212

KF -13 2b

RbF _91b

CsF -8'

[N(CH 3 ) 4 .[(F] -91b

[P(CH 3)41].[F] -72b

a Values from ref [18].

b Values from this study.
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Diagram Captions:

Fig. 1. Stepwise build-up of the hydration sphere of the fluoride anion. Minimum energy

structures of the free mono- to hexa-hydrates of the fluoride anion at the MP2/6-3 1 ++G(d,p) and

B3LYP/6-31++G(d,p) (in parentheses) levels.

Fig. 2. Plot of the calculated NPA and Ldwdin atomic charges on fluorine as a function of the

number of water ligands during the stepwise build-up of the fluoride anion hydration sphere.

Fig. 3. Plot of the calculated 19F NMR shifts against the number of water ligands in the stepwise

build-up of the hydration sphere of the fluoride anion.

Fig. 4. Plot of the calculated 19F NMR shifts against the nuclear charge transfer from the

fluoride ion to the water ligands during the stepwise build-up of the hydration sphere of the

fluoride anion.

Fig. 5. MP2/6-3 1++G(d,p) calculated structural parameters for adducts between fluoride and one

molecule of CH3SOCH3, CH3COCH3, CH2Cl2, CH3OH, CH30CH3, CH3NO 2, CHCI3, CHF 3, and

CH3CN.

Fig. 6. Observed MAS 19F NMR spectra of P(CH3)4F, RbF, N(CH3)4F, and KF.
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Are 19F NMR shifts a measure for the nakedness of fluoride ions?

M. Gerken, A. Boatzb, A. KornathaR. Haiges,'S. Schneider,8 T. Schroera
K. 0. Christ• "A

"Loker Hydrocarbon Research Insatute, Universay of Southern California, Los Angeles, CA 9M089, USA
MAir Force Research Laboratory, Edwards AFB, CA 93524, USA

Fluoride ions in either solution or the solid stateexhibit a wide range of 19F NMR shifts
due to paramagnetic contributions from solvent interactions or ion-ion overlap. The only
truly "naked" fluoride is the free gaseous ion. The MAS 19 NMR spectra of N(CH3)4F
and P(CH3)4F are reported and exhibit 'F chemical shifts of -91 and -72 ppm, respectively.
The stepwise build-up of a sphere and the electron charge transfer from F1 to H20 were
modeled for the F/H20 system. The minimum energy structures of the 1:1 adducts ofF with
CH3OH, H20, CH3OCH 3, CHC13, CH2CI2,CHF3, CH3CN, CH3NO2, (CH3)2SO, and
CH3COCH3 were calculated, and the calculated "9F NMR shift trends agree with the
observed ones.
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